Biocorrosion, as well as the biodeterioration of crude oil and its derivatives, is one of the major environmental, operational and economic problems in the Venezuelan oil industry. Fungal contaminants are able to produce large quantities of biomass and synthesize peroxides and organic acids, causing severe damage on metal surfaces and promoting the contamination and biodeterioration of fuels. No evidences regarding fungal strains have been reported to be associated to petroleum naphtha, widely used as a diluent of extra heavy crude oil (EHCO) in the exploitation processes of the Orinoco Oil Belt, the biggest proven reserve of EHCO worldwide. The aims of this paper were to isolate and identify fungal strains from the naphtha storage tank and the naphtha distribution network from an oil field operator in Venezuela. The results showed the isolation of four different fungal strains. The molecular identification by 28S rRNA sequencing and phylogenetic tree analysis allowed us to identify the presence of: 1) a new uncultured Ascomycota fungus species BM-103, with high identity to novel hyphomycetes Noosia banksiae and Sporidesmium tengii, in the naphtha storage tank; 2) two yeasts, Rhodotorula mucilaginosa BM-104 (Phylum Basidiomycota) and Wickerhamia sp. BM-105 (Phylum Ascomycota), in a highly damaged naphtha pipeline branch and; 3) Cladosporium cladosporioides BM-102 (Phylum Ascomycota) in a cluster oil well. DNA fingerprinting analysis using ERIC-PCR primers pairs also allowed us to detect the presence of R. mucilaginosa BM-104 right in the access of the studied naphtha system. Interestingly, R. mucilaginosa and C. cladosporioides were previously reported as predominant fungal contaminants of diesel and jet fuel and of kerosene and fuel storage systems, respectively. This paper represents the first evidence of fungal strains isolated and identified from the naphtha systems in the Venezuelan oil industry. The results obtained are discussed.
processes of the OOB and is defined as the fraction of hydrocarbons in petroleum, boiling between 30˚C and 200˚C. It consists of a complex mixture of hydrocarbon molecules, generally holding between 5 and 12 carbon atoms, and it is used primarily as feedstock for producing high octane gasoline (via the catalytic reforming process). It is also used in the bitumen mining industry as a diluent, in the petrochemical industry for producing olefins in steam crackers, and in the chemical industry for solvent (cleaning) applications [8] .
Utilization of molecular and metagenomic techniques to identify specific groups of microorganisms involved into MIC and biodeterioration of fuel will allow a better understanding of the organization of the microbial community implicated in these processes [9] . Control methods should be developed based on the combined information of the material characteristics, the environmental conditions, the operation and maintenance applied to the systems, and the microbial species composition. Due to this, the aims of this paper were to isolate and molecularly identify fungal strains from the naphtha storage tank and the naphtha transporting pipeline distribution from a Venezuelan oil field operator located at the OOB.
Material and Methods

Isolation of Fungal Strains from the Naphtha System
The studied naphtha distribution system is located in San Diego de Cabrutica, Anzoátegui State, Junín block of the OOB at the Bolivarian Republic of Venezuela (coordinates: 20 p 0284765/0927229). As shown in Figure 1 , for filamentous fungi and yeast isolation, the samples were taken in the following hot spots: the naphtha storage tank (inside); the naphtha outlet storage tank; a damaged naphtha pipeline with high criticality levels named T2 B; a damaged naphtha pipeline with high criticality levels named T3 LA; the HC cluster oil wells and; the MC cluster oil wells.
Samples from a water well and hydrostatic test water were taken as control. A duplicate tube with the same culture medium was opened at the same place and moment where the samples were taken to exclude environmental contamination. Also, samples from naphtha inlet storage tank were taken. Power medium (Pw) was used to isolate the fungal strains in axenic culture supplemented with the following antibiotics: tetracycline (0.005 g/mL), chloramphenicol (0.034 g/mL), kanamycin (0.01 g/mL), streptomycin (0.0162 g/mL) and ampicillin Figure 1 . The naphtha distribution system studied. The samples were taken from the naphtha inlet storage tank (1), naphtha storage tank (2), naphtha outlet storage tank (3), in two damaged naphtha pipelines with high criticality levels (T2 B and T3 LA branch; 4 and 5 respectively) and, two cluster oil wells (HC and MC; 6 and 7 respectively). Samples from a water well (8) and hydrostatic test water (9) were taken as control. Red color indicates high criticality level at the T2 B and T3 LA branches.
(0.05 g/mL). The filamentous fungi and yeast strains are preserved in the Culture Collection of Energy and Environmental Area at IDEA under deposit number BM-102, BM-103, BM-104 and, BM-105, respectively.
Molecular Identification of Filamentous Fungi and Yeast Strains
Filamentous fungi and yeast strains were identified through PCR amplification and sequencing of the 28S ribosomal RNA gene. Genomic DNA isolation and PCR amplifications were performed following the protocol described previously by [10] and [11] , respectively. PCR conditions consisted of an initial denaturation at 95˚C for 5 min, and 30 cycles of amplification at 95˚C for 1 min, annealing at 52˚C for 1 min, extension at 72˚C for 1 min, and final extension at 72˚C for 10 min. The DNA fragment obtained was sequenced using an ABI PrismTM 310 Genetic Analizer (Applied Biosystems, Foster City, Calif.). All other nucleic acid manipulations were performed by standard methods [12] . Nucleotide sequences analysis was carried out using the DNA Base Sequence Assembly Software Version 3.5.3.216 (http://www.dnabaser.com), BLASTN [13] and MycoBank [14] .
Phylogenetic Tree
Nucleotide sequences of the 28S rRNA gene were used to perform the phylogenetic tree. The evolutionary history was inferred using the Neighbor-Joining method [15] . The optimal tree with the sum of branch length was 1.19734121 . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Maximum Composite Likelihood method [16] , and they are in the units of the number of base substitutions per site. The analysis involved 63 nucleotide sequences. Codon positions included were 1 st + 2 nd + 3 rd + Noncoding. All positions containing gaps and missing data were eliminated. There were a total of 402 positions in the final dataset. Evolutionary analyses were conducted in MEGA5 [17] .
DNA Fingerprinting Analysis of Rhodotorula Strains
The determination of genetic diversity among yeast strains was performed by the DNA fingerprinting technique using the ERIC-PCR primers pairs: ERIC-1R (5'-ATGTAAGCTCCTGGGGATTCAC-3') and ERIC-2 (5'-AAGTAAGTGACTGGGGTGAGCG-3') [18] and 40 ng of DNA as template. The PCR were performed in a thermocycler Thermal Cycler 2720 (Applied Biosystems, USA) and consisted of a pre-denaturation step at 95˚C for 5 min followed by 30 cycles of amplification, consisting of the following steps: 1) denaturation at 95˚C for 30 s, 2) annealing at 50˚C for 30 s; 3) extension at 72˚C for 6 min, and 4) final extension at 72˚C for 6 min. For visualization of DNA bands and subsequent genetic discrimination, a Dual-Intensity (USA UVB) transilluminator coupled to an Electrophoresis Documentation Analysis System 120 (Kodak Digital Science) was used. Once the genotype of yeast strains were discriminated, 28S rRNA gene amplification and sequencing were performed as mentioned above to confirm the results obtained by DNA fingerprinting.
Results and Discussion
A New Uncultured Ascomycota Fungal Species and the Cladosporium, Rhodotorula
and Wickerhamia Genus Were Identified in the Studied Naphtha System
The isolation of cultivable fungal strains was obtained only into the naphtha storage tank (2), the highly damaged naphtha pipelines T2B (4), and the MC cluster oil wells (7) (see Figure 1 and Figure 2 ). In total, only 4 fungal strains (2 filamentous fungi and 2 yeasts) were isolated from the naphtha storage tanks and the transporting pipelines studied. The results of this first approach, allowed us to know that, at least in 3 of the points studied in the naphtha system, there are filamentous fungi and/or yeasts present. Likewise, from the sample taken in the naphtha inlet storage tank (right in the access of the studied naphtha system), the presence of a cultivable yeast strain was also detected. This experiment was conducted in order to determine whether the isolates inside the naphtha storage tanks and transporting pipelines have an intrinsic relationship with microorganisms that may be present in the access of the studied naphtha system. The composition of the crude oil and oil products, the presence of bioavailable forms of nitrogen, phosphorus, potassium, magnesium, other microelements and water, as well as other appropriated environmental conditions, Figure 2 . Isolation of yeast and filamentous fungi from the studied naphtha system. Note that unclassified yeast, morphologically identical to R. mucilaginosa BM-04, was also isolated from the naphtha inlet storage tank.
such as temperature (from 4˚C up to 60˚C), pH (from 4 up to 9) and oxygen, induce microbial growth and thus the biofouling processes [7] . It is known that 1% of water is enough for extensive microbial growth. In fact, fungal spores can survive in the presence of 5 -80 ppm of water in fuel systems. Besides, the biphasic systems oil/water (o/w) supports the growth of microorganisms in the bottom of tanks, although it is in a fine film of water, where they can use oil as carbon source [7] . Moreover, a significant growth of microorganisms has been observed in the presence of highly salinated water, such as production/formation water (brine) associated to EHCO. Also, even in the presence at 0.1 mg/L of oxygen, the oxidation/decomposition of hydrocarbons is promoted directly by aerobic microorganisms as well as the formation of slime, biofilms and insoluble particles [7] .
Although FIC and fungal degradation of naphtha in the Venezuelan oil industry has not been publicly reported yet, it does not mean that it does not exist. The presence of highly salinated water or brine, oxygen and sediments as contaminants was frequently observed in the studied naphtha distribution systems, besides, a low velocity rate in the pipelines results in water lying in low spots in the line. In fact, all the factors influencing crude oil and oil products biodeterioration are present in their facilities, including a suitable tropical-temperature throughout the year, which makes the storage tanks and the transporting pipeline distribution a great incubator for microorganisms.
In order to molecularly identify the isolated filamentous fungi and yeasts strains, PCR amplification and sequencing of the 28S ribosomal RNA gene were performed. As indicated in Table 1 , nucleotide sequences analysis showed the following results: 1) BM-102 strain (GenBank accession number KF611802.1) 100% of identity to Cladosporium cladosporioides; 2) BM-104 strain (GenBank accession number KF611803.1) 98% of identity to Rhodotorula mucilaginosa and, 3) BM-105 strain (GenBank accession number KF611804.1) 99% of identity to Wickerhamia sp. While, 4) the BM-103 strain (GenBank accession number KF611805.1) showed 98% of identity to Noosia banksiae culture-collection CPC: 17282 (GenBank accession number JF951167.1), and 98% of identity to Sporidesmium tengii (GenBank accession number DQ408559.1).
However, the nucleotide sequences of the BM-103 strain also showed similarity to several uncultured fungus, such as: uncultured fungus clone FF26 (GenBank accession number AY464861.1) with 97% of identity; uncultured Periconia clone NG_R_B06 (GenBank accession number GU055658.1) with 97% of identity, uncultured Ascomycota clone asc07156 (GenBank accession number HQ433102.1) with 96% of identity, uncultured soil fungus clone NCD_LSU_otu3440 (GenBank accession number KF568410.1) with 96% of identity and, uncultured soil fungus clone NCD_LSU_otu1274 (GenBank accession number KF566244.1) with 96% of identity.
In this case, although both DNA sequences of the novel genera of hyphomycetes N. banksiae [19] and the novel lignicolous hyphomycetes S. tengii [20] showed a high identity (98%) to the BM-103 strain, DNA sequence, the phylogenetic tree constructed using the Neighbor-Joining method (Figure 3) , inferred a clear difference between these two DNA sequences to the BM-103 strain sequence. In fact, while the DNA sequences of N. banksiae and S. tengii are grouped in the same cluster, the BM-103 strain nucleotide sequence is located separately from these and one of the rest of studied DNA sequences, which are mainly formed by uncultured fungi. Nevertheless, it is crucial to declare that the taxonomy classification of this fungus in order to strongly establish whether it was a new fungal species was not performed because this strain lost viability and stopped growing in laboratory conditions. These results allow us to suggest that the BM-103 strain corresponds to a new uncultured fungal species.
On the other hand, the BM-105 strain showed 99% of identity to Wickerhamia sp. ST-122 26S (GenBank accession number DQ404462.1) and to Wickerhamia sp. SSK6 (GenBank accession number AB500872.1); and showed 98% of identity to Wickerhamia sp. MR73 (GenBank accession number JN651167.1) and to Wickerhamia sp. MR58 (GenBank accession number JN651169.1). Also the BM-105 strain showed 99% of identity to Candida wangnamkhiaoensis (GenBank accession number AB682910.1), a novel anamorphic yeast species in the Hyphopichia clade isolated in Thailand [21] . However, the phylogenetic tree obtained (Figure 3 ) inferred a clear difference between the BM-105 strain and C. wangnamkhiaoensis. As you can see in Figure 3 , the DNA sequences of Kluyveromyces aestuarii, Candida tropicalis, Candida albicans and Candida gotoi, used as controls, are properly grouped with each other. Moreover, the only two DNA sequences deposited into GenBank corresponding to Wickerhamia fluorescens are grouped together but separately, whereas the nucleotide sequence linked to C. wangnamkhiaoensis is grouped in the same cluster formed by DNA sequences of the Wickerhamia species, but is located separately from the DNA sequences of the Candida species, specifically, C. tropicalis, C. albicans and C. gotoi.
Although the position in the classification of the Wickerhamia genus is similar to the lineage reported for C. wangnamkhiaoensis (Division: Ascomycota, Subdivision: Saccharomycotina, Class: Saccharomycetes, Subclass: Saccharomycetidae, Order: Saccharomycetales); from the results obtained by molecular identification, evolutionary relationships between them and according to our preliminary morphological studies, we determine that the BM-105 strain corresponds to the Wickerhamia sp., and not to C. wangnamkhiaoensis, which is assumed to be misreported in the GenBank. However, as the case of the BM-103 strain, the taxonomy classification study was not performed because this strain also lost viability in laboratory conditions.
In the case of the BM-102 strain, nucleotide sequences analysis showed 100% of identity to C. cladosporioides. This result was confirmed through the phylogenetic tree obtained (Figure 3) , which grouped in the same cluster the DNA sequence of the BM-102 strain with the DNA sequences of several C. cladosporioides species reported in the GenBank, except for the DNA sequence linked to C. uredinicola strain CPC 5390 (GenBank accession number AY251071) [22] , which is also assumed misreported in the GenBank.
Likewise, the DNA sequences of different species used as control, such as Cladosporium perangustum, Cladosporium phaenocomae and Cladosporium bruhnei, are appropriately grouped in the phylogenetic tree with each other. These results allowed us to determine that the BM-102 strain corresponds to C. cladosporioides.
Finally, the nucleotide sequences analysis of the BM-104 strain showed 98% of identity to R. mucilaginosa. As you can see in the phylogenetic tree (Figure 3) , the DNA sequence of the BM-104 strain was grouped in the same cluster of the DNA sequences of several R. mucilaginosa reported in the GenBank. Also, the DNA sequences of some R. glutinis used as control were correctly grouped in the same cluster separately. These results strongly indicate that the BM-104 strain corresponds to R. mucilaginosa. In this sampling site, the naphtha sample taken was highly contaminated with sediments and water.
Interestingly, unidentified yeast, morphologically identical to R. mucilaginosa, strain BM-04, was also isolated from the naphtha inlet storage tank, right in the access of the studied naphtha system. In this sampling site, the naphtha sample taken was also contaminated with water, sediments and light crude oil (named Mesa crude), also used as a diluent of EHCO to ensure the oil operations in the case of not having naphtha as a diluent in the oil production system. However, at this point of the investigations it was not determined whether the both strains were the same species.
R. mucilaginosa BM-104 Was Isolated from the Both Highly Damaged Naphtha Pipeline T2 B Branch and from the Access of the Studied System
In order to identify if the yeast strain isolated from the naphtha inlet storage tank was the same R. mucilaginosa BM-104 species isolated from the highly damaged naphtha pipeline T2 B branch, a DNA fingerprinting analysis using the ERIC-PCR primers pairs was performed. The results showed (Figure 4 ) that the both isolated were the same strain (line 3 and 4), initially identified as R. mucilaginosa BM-104. The Enterobacterial Repetitive Intergenic Consensus (ERIC)-PCR method has been widely employed to generate genomic amplification products, numerous microorganisms, including Gram-negative enteric bacteria, Figure 4 . DNA fingerprinting analysis of Rhodotorula strains performed using the ERIC-PCR primers. Line 1 and line 2 corresponds to 1 Kb Plus DNA Leader molecular weight marker and to reaction control, respectively. Line 5 and line 6 corresponds to the sulfur degrading-bacteria Agrobacterium tumefaciens and Nocardia sp. used as positive control. Note that the yeast strain isolated from the naphtha inlet storage tank (line 4) was the same R. mucilaginosa BM-104 strain (line 3) isolated from the highly damaged naphtha pipelines T2 B branch.
Gram-positive bacteria and related species [18] [23] . Widespread distribution of these repetitive DNA elements in the genomes of various microorganisms should enable rapid identification of bacterial species and strains, and be useful for the analysis of prokaryotic genomes [18] .
ERIC-PCR method is frequently employed in our laboratory for studying genetic variability in environmental samples [24] - [28] . Nevertheless, the use of DNA fingerprinting technique with ERIC-PCR primers pairs for studying genetic variability in Rhodotorula strains has not been reported. The genetic variability of environmental isolates of R. mucilaginosa using MSP-PCR fingerprinting was described by [29] ; however, their results showed that differences were not enough to refute co-specificity. This work represents the first report of genetic discrimination of Rhodotorula strains using ERIC-PCR primers pairs, and is provided as a useful tool for genetic variability studies in this biotechnologically important genus.
Spatial Distribution of Main Fungal Strains Isolated from the Studied Naphtha Distribution System
There are two forms of fungi commonly associated with metal corrosion: the filamentous form and the unicellular form like yeast. Most of these fungi are aerobes and are only found in aerobic habitats, but their spores can survive long periods in adverse growth conditions [3] . The molecular identification of fungal strains isolated from the naphtha storage tank and the transporting pipelines, allowed us to determine a preliminary distribution of the main filamentous fungi and yeast isolated from the sampling sites of the studied naphtha system. Figure 2 shows precisely the isolating site of the microorganims and their molecular identification, while Figure 5 shows a spatial distribution indicating the presence of the diverse genera and species of fungi, which do not repeat from one site to another within the studied system. These results allow us to conclude that a non-identified new Ascomycota fungal species (BM-103) was present only in the naphtha storage tank, the both R. mucilaginosa BM-104 and Wickerhamia sp. BM-105 were present in the highly damaged naphtha pipelines T2 B branch and, C. cladosporioides BM-102 was present only in the MC cluster oil wells. Also, our results ( Figure 5) showed that R. mucilaginosa BM-104 was also isolated from the naphtha inlet storage tank, suggesting an intrinsic relationship between the microcosms existing in the access point of the naphtha storage tank and inside of the studied naphtha system. In fact, the high tolerance of R. mucilaginosa BM-104 to naphtha and its high ability of dispersion in this adverse growth conditions are also suggested. This finding becomes especially important for further studies on R. mucilaginosa BM-104.
It is known that fungal spores can survive in a fine film of water in fuel systems. In fact, some fungi can survive in the form of spores in hydrocarbons in the absence of water and germinate when water is available. These fungi can use many organic and inorganic compounds as nutrients and energy sources. In addition to water, other elements are required for growth such as carbon, nitrogen, phosphorus, sulfur and other trace elements. The first step in fungal decomposition of hydrocarbons requires molecular oxygen and the main products formed are alcohols, aldehydes and aliphatic carboxylic acids [1] .
Unexpectedly, the naphtha samples from which Rhodotorula strains were isolated showed contamination of water, sediments or light crude oil, in the case of the sample taken from inlet naphtha storage tank. Also, the presence of oxygen was observed, which promotes the oxidation/decomposition of hydrocarbons as well as the formation of slime, biofilms and insoluble particles [7] . All these conditions are favorable for the growth of microorganisms and were frequently observed. These could explain why R. mucilaginosa BM-104 was present in both of these two equidistant points in the studied naphtha system. The ability to degrade petroleum hydrocarbons is not restricted to a few microbial genera. Many species of aerobic bacteria, filamentous fungi and yeast can utilize hydrocarbons and its derivatives [7] [30]- [33] . Fungal contaminants are described mostly in jet fuel and diesel, being the main representatives isolates Hormoconis resinae, Aspergillus spp., Penicillium spp. and Fusarium spp., Cladosporium sp., Paecilomyces sp., Candida sp., and Rhodotorula sp. [ 
Interestingly, Rhodotorula species has been identified from condensates of diesel storage systems and a Cladosporium species was reported as contaminant in 85% of aviation fuel samples tested. Also, Cladosporium has been reported as a predominant contaminant species of kerosene and condensates from systems of fuel storage tank [1] . Although C. cladosporioides and R. mucilaginosa were described as fungal contaminants in fuel/kerosene and diesel, respectively, these genera has not been reported previously as associated to petroleum naphtha. Likewise, Wickerhamia sp. is reported for the first time in the present work as associated to naphtha.
R. mucilaginosa [34] is widely found in highly salinated water (e.g. marine water, brine, etc.) and has the following position in classification: Incertae sedis, Sporidiobolales, Incertae sedis, Microbotryomycetes, Pucciniomycotina, Basidiomycota, Fungi. Initially, this species was incorrectly renamed to Rhodotorula rubra but this is not a valid species and the name was reverted to R. mucilaginosa. As shown in the culture plates (Figure 2) , the macroscopic morphology colonies are orange to pink to coral and are smooth to rugoid and dull to glistening. The microscopic morphology shows only globose yeast cells with 2 -5 µm in diameter (data not shown).
Recent evidences suggest that aerobically respiring microorganims may protect steel from corrosion. There are studies focused on the reduction of carbon steel corrosion in water by uptake of dissolved oxygen using R. mucilaginosa. The authors reveled that this strain showed a high uptake of dissolved oxygen (2.8 ppm) as compared to other yeast species. Interestingly, the authors suggested that the use of R. mucilaginosa to reduce oxygen corrosion of mild steel in water may solve many problems occurring in cooling towers [35] .
Conclusion
In conclusion, this paper reports for the first time the isolation and identification of R. mucilaginosa, C. cladosporioides, Wickerhamia sp. and a new Ascomycota fungus species BM-103 from the naphtha systems in the Venezuelan oil industry. It significantly describes the presence of R. mucilaginosa and C. cladosporioides previously reported as predominant fungal contaminants of diesel and jet fuel and of kerosene and fuel storage systems, respectively. On the other hand, this work would be useful for the development of a new approach to molecular detection, monitoring and controlling of MIC/FIC and biodeterioration of crude oil and its derivatives, which should be a strategic challenge for the Venezuelan oil industry and its technical operators, for the petroleum biotechnologists, and also for the selection of suitable biocides, inhibitors and the possible application of advanced proposals of biological control of corrosive and contaminant microorganisms. Our next goals are focused on determining the corrosive potential of the naphtha-tolerant R. mucilaginosa BM-04 on coupon carbon steel and its ability to degrade naphtha, and evaluating its potential to uptake of dissolved oxygen to be used as biological control to reduce the MIC in the oil facilities established at the OOB.
